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Abstract
Wet chemical analysis and UV-VIS spectroscopy methods were used to determine the oxidation state of iron in 
Na2O·2SiO2 glasses, containing 0.3 mol% of Fe2O3 . The oxidation state of iron in the sodium silicate glasses 
was varied by changing the size of iron oxide particles used for preparation of glass batches and the melting 
temperature. In sodium silicate glasses iron commonly exists as an equilibrium mixture of ferrous ions, Fe2+, 
and ferric ions Fe3+. The increase of the melting temperature led to the transformation of ferric ions to ferrous 
ions. It was also shown that in the glasses prepared from nano-sized iron oxide particles the Fe2+/Fe3+ equilib-
rium ratio is lower (i.e. smaller amount of ferrous ions were formed) comparing to that in the glasses prepared 
from micro-sized iron oxide particles.
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I. Introduction
Iron in glasses exists as equilibrium between the yel-
low ferric ion, Fe3+, and the blue ferrous ion, Fe2+. How-
ever, the absorbance of Fe2+ in the near-infrared is so 
strong that even a small amount, less than 4% of the to-
tal iron present in the glass, will give the glass an un-
desirable green hue. In addition, the concentration of 
Fe3+ in the glass has to be relatively high in order to 
induce sufficient yellow colour. However, glasses with 
relatively high concentrations of iron are becoming 
more common commercially. The majority of commer-
cial green glass contains iron oxide [1–7] because it is 
made with raw materials with low purity. Iron absorp-
tion peaks in the visible region lead to the development 
of green colouring [2]. The control of the iron oxidation 
state in commercial glasses with a special application is 
very important [4], and the effects of iron on the optical 
properties of glass have been studied widely by many 
researchers [5–9]. Because iron has two redox states, 
Fe2+ and Fe3+, and these states have different colours, 
control of the redox condition during melting is impor-
tant in adjusting the transmittance of glass in the wave-
length regions of UV, visible light and IR [6]. The pres-
ence of absorption peaks of ligand field of ferric iron in 
obtained spectra from silicate glasses is distinguishable 
at 380 nm, 420 nm and 435 nm wavelengths [10], and 
broad absorption peak at wavelength of 1050 nm is due 
to ferrous iron [3]. It has been already shown [10,11] 
that change in melting point results in different amount 
of ferrous and ferric ions in sodium silicate glasses con-
taining iron oxide. Thus, increasing the melting point 
leads to an increase of the absorption at wavelength of 
1050 nm, i.e. increase of ferrous iron concentration in 
glasses (Fig. 1) [10].
In our previous paper [11], the influence of melting 
temperature on the redox state of iron in sodium silicate 
glasses prepared with nano-sized iron oxide particles 
(0.5 mol%) was investigated. In this study, sodium sil-
icate glass batches containing 0.3 mol% of nano-sized 
and micro-sized iron oxide particles were prepared and 
melted at various temperatures. The prepared glasses 
were analysed by UV-VIS spectroscopy and wet chemi-
cal analysis, and the influence of iron oxide particle size 
and melting temperature on the Fe2+/Fe3+ equilibrium 
ratio was discussed.
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II. Experimental procedure
2.1. Glass preparation
The batches were prepared by mixing of reagent grade 
raw materials, quartz (SiO2 99%) and sodium carbonate 
(Na2Co3 99.9%), in SiO2/Na2O molar ratio 2 : 1 and addi-
tion of 0.3 mol% of iron oxide. Two types of iron oxide 
were used: i) nano-sized powder with the average grain 
size of 6 nm (GmbH Plasma Chem Company, 99.9%) 
and ii) micro-sized powder (Merck, 99.8%). Glass batch-
es were melted in an alumina crucible positioned in Vec-
star kiln. Heating rate of 5 °C/min and air atmosphere 
were used. The batches were heated at temperatures be-
tween 900 °C and 950 °C. These conditions were used 
for pre-melting as higher temperature causes a substantial 
volatilization of reagents. After an entire batch was pre-
melted and sintered in the crucible, the temperature was 
increased stepwise to the melting temperature, which was 
varied from 1350 °C to 1650 °C with the holding time of 
2 to 2½ hours. In the next step, the formed glass melt was 
quickly cast in a preheated (T = 450 °C) stainless steel 
mold with dimensions of 20×20×2.2 mm to avoid tem-
perature-caused inhomogeneity. It was then cooled in a 
preheated furnace to ambient temperature using a cooling 
rate of 30 °C/h. After polishing, the absorption spectra 
of the glass samples were recorded by a Camspec Dou-
ble Beam UV-VIS 350m spectrophotometer in an optical 
range from 200 to 1100 nm.
2.2. Wet chemical analysis 
Wet chemical analysis was performed according to 
the Jeoung method [12] for the analysis of Fe2+ ion con-
centration. Glass samples were ground to a fine powder 
using an alumina mortar and pestle. About 20–30 mg 
of the glass powder sample was weighed into a 100 mL 
plastic beaker. An indicating solution of 25 mL of 4% bo-
ric acid, 7 mL of 10% potassium hydrogen phthalate, 6 
mL of 0.25% 1,10-phenanthroline solution, and 2 mL of 
concentrated NH4OH was prepared in the second 100 mL 
plastic beaker. The glass powder was then digested by the 
addition of 0.5 mL of concentrated H2SO4 and 1.5 mL of 
concentrated HF to the sample beaker. Immediately af-
ter dissolution of the glass (within 15 s of the addition of 
the acids to the glass powder), the indicating solution de-
scribed above was added, and the pH of the mixed solu-
tion was adjusted to 3.3–3.5 using diluted NH4OH and/or 
diluted H2SO4. This solution was transferred to a 100 mL 
volumetric flask and diluted to 100 mL by adding iron-
free deionized water. Visible spectrophotometric absor-
bance measurement of the sample solution was made us-
ing a digital UV-VIS spectrophotometer.
III. Results and discussion
Figure 2 shows the UV-VIS spectra (in the wave-
length interval 350–500 nm) of sodium silicate glass-
es prepared from the micro-sized iron oxide powder at 
1350–1650 °C. Peaks at about 380 nm, 420 nm and 435 
Figure 1. UV-VIS-NIR spectra: temperature effects on
1050 nm band intensities for glasses melted
between 1300 and 1600 °C in air [10]
Figure 2. UV-VIS spectra of glasses prepared with micro-sized iron oxide powder and melted at:
a) 1350 °C and 1450 °C, b) 1550 °C and 1650 °C 
a) b)119
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nm are due to the presence of Fe3+. The characteristic 
peaks can be seen in all glass samples (Fig. 2). Howev-
er, the intensity of absorbance peaks decreases with the 
increase of the melting temperature, indicating that the 
amount of ferric ions decrease.
Figure 3 shows the UV-VIS spectra in broader 
wavelength interval, from 350 nm to 1100 nm, where 
the characteristic broad absorption band at around 1050 
nm (due to presence of Fe2+) can be seen. It is obvious 
that the intensity of the absorption peak at 1050 nm, and 
thus the amount of ferrous ions, increases with the in-
crease of the melting temperature (Fig. 3).
The amount of ferric and ferrous ions in the glass 
samples prepared with the micro-sized iron oxide 
particles and melted at different temperatures was 
determined by wet chemical analysis, and the results 
are shown in Table 1 and Fig. 4. The obtained results 
confirmed the trends observed by UV-VIS spectrosco-
py, i.e. the increase of ferrous and decrease of ferric ions 
with the increase of the melting temperature.
Figure 3. UV-VIS spectra of glasses prepared with micro-sized iron oxide powder and melted at: 
a) 1350 °C and 1450 °C, b) 1550 °C and 1650 °C
a) b)
Figure 4. Amount of Fe3+ and Fe2+ions (obtained by wet chemical analysis) in glasses prepared with micro-sized iron oxide 
powder versus melting temperature
Table 1. Amount of Fe3+ and Fe2+ions obtained by wet chemical analysis in glasses prepared with 
micro-sized iron oxide powder
Melting temperature 
[°C]
Fe3+ concentration 
[wt.%]
Fe2+ concentration 
[wt.%]
Fe2+/Fe3+ ratio
1350 0.92 0.08 0.08
1450 0.88 0.12 0.13
1550 0.82 0.18 0.22
1650 0.81 0.19 0.23120
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The concentration of ferric and ferrous ions in the 
glass samples prepared with the nano-sized iron oxide 
particles and melted at different temperatures was also 
determined by wet chemical analysis and the results are 
shown in Table 2 and Fig. 5. It is obvious that addition of 
the nano-sized iron oxide particles in glass batches have 
similar influence on the concentration of Fe3+ and Fe2+ions 
like addition of the micro-sized iron oxide particles, only 
the change of the ions concentration is less pronounced.
As it was already mentioned [11], at low tempera-
tures (before a melt formation) reaction between oxy-
gen in the atmosphere and species in the raw material 
occurs easily, and this can have influence on the redox 
state of the species and the oxygen activity in the melt. 
During the melting, oxygen can be produced at elevated 
temperature if the material contains Fe3+ as a result of a 
reaction with O2- [6]:
           4Fe3++2O2-                                  4Fe2++O2  (1)
The equilibrium of the reaction shifts to the right at 
higher temperatures, which cause an increase in oxygen 
concentration in the glass melt. Such phenomena are 
well known not only in glass [6] but also in melt con-
taining redox species by oxygen equilibrium pressure 
[13] or voltammetry [14]. Thus, if a glass batch is pre-
pared with the micro-sized iron oxide particles the con-
centration of Fe2+ ions and Fe2+/Fe3+ equilibrium ratio 
will increase with increasing the melting temperature, 
completely confirmed by our results (Fig. 4). On the 
other hand, the addition of iron oxide nanoparticles in a 
Na2O·2SiO2 batch cause the formation of the melt lay-
ers at lower temperature. With the increase of tempera-
ture, more oxygen is generated by the reduction of ferric 
ions; thus, more ferrous ions will be formed [6]. How-
ever, the release of oxygen from the batch containing 
the melt layers to the atmosphere is prevented due to the 
low diffusion coefficient of oxygen in the melt. Under 
such conditions, the reaction (1) is suppressed due to 
the high oxygen activity, and the concentration of Fe2+ 
in the melt is kept low. Thus, in the Na2O·2SiO2 glasses 
prepared with the nano-sized iron oxide particles an in-
crease of temperature leads also to the transformation of 
ferric ions to ferrous ions, but the concentration of Fe2+ 
ions in the melt is kept lower than in the glasses pre-
pared with the micro-sized iron oxide powder. 
The results obtained in this paper, on the effect of 
the melting temperature increase on the Fe2+/Fe3+ equi-
librium ratio, is compared with already published results 
(Fig. 6) [1,15]. The slope variation in Fig. 6 can be corre-
lated to different characteristics of batches used for prep-
aration of sodium silicate glasses, i.e. mostly due to dif-
ferent size of iron oxide particles. It is obvious that the 
lowest slope has sample prepared from the glass batch 
containing the nano-sized iron oxide particles. This can 
be explained with the fact that the concentrations of oxy-
gen, Fe2+ and Fe3+ ions in the melts are controlled by the 
Figure 5. Amount of Fe3+ and Fe2+ions (obtained by wet chemical analysis) in glass prepared with nano-sized iron oxide
powder versus melting temperature
Table 2. Amount of Fe3+ and Fe2+ions obtained by wet chemical analysis in glasses prepared with  
nano-sized iron oxide powder 
Melting temperature 
[°C]
Fe3+ concentration 
[wt.%]
Fe2+ concentration 
[wt.%]
Fe2+/Fe3+ ratio
1350 0.92 0.08 0.08
1450 0.91 0.09 0.10
1550 0.87 0.13 0.15
1650 0.85 0.15 0.17121
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reaction (1) and the equilibrium of the reaction is strong-
ly influenced by the formation of the molten layers espe-
cially at lower melting temperatures.
IV. Conclusions
Sodium silicate glasses with 0.3 mol% iron oxide 
were prepared at different melting temperatures. The 
oxidation state of iron in the Na2O·2SiO2 glasses was 
controlled by changing the particle size of iron oxide 
powder used for preparation of glass batches and the 
melting temperature. The redox state of iron in the glass 
was measured by optical absorption spectroscopy and 
wet chemical analysis. The increase of melting temper-
ature led to the reduction of ferric ions to ferrous ions. 
The introduction of iron oxide nanoparticles into the 
glass batches caused fewer ferrous ions to be formed 
and lower Fe2+/Fe3+ equilibrium ratio compared with 
micro-sized iron oxide powder.
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